In Switzerland, deep geothermal energy can give a promising contribution to the future energy scenario. However, the expertise in operational issues of deep geothermal power plants is limited, and technical challenges, such as corrosion, are a determining factor for their reliable and long-term operation. In this work, two representative fluids of optimal geothermal conditions in Switzerland were studied. The corrosiveness of the solutions was assessed using two experimental setups that allow investigating the range of temperatures and pressures that apply to the reservoir and power plant conditions. The corrosion behaviour of API L80 steel was analyzed by means of electrochemical measurements (at 100 and 200 • C) and of gravimetric tests (at 100 • C). After the tests, the morphologies and composition of the corrosion products were obtained by scanning electron microscopy (SEM) coupled with energy dispersive X-Ray (EDX) and X-Ray diffraction (XRD). Results show that corrosion rates are significantly high at 100 • C in environments with a chloride concentration of around 600 mg/L and pH around 7. The corrosion products deposited on the metal surface mainly consist of magnetite and/or hematite that might potentially form a protective layer. This study gives a first insight of the potential corrosiveness of geothermal fluids in Switzerland.
Introduction
The sustainable use of geothermal resources shows significant potential worldwide for the generation of electricity and/or direct heat [1, 2] . In comparison to other renewable energies as, for example, wind power or photovoltaics, geothermal energy presents many advantages, such as high thermal efficiency, cost-effectiveness, and permanent availability [3] [4] [5] [6] . In this context, the Swiss Federal Office of Energy approved in 2011 an ambitious "Energy strategy 2050" focusing on sustainable and renewable electricity production [7] . This will require around 4-5 TWh/year from deep geothermal resources by 2050, representing approximately 7.5% of the expected annual power need [8] .
Petrothermal systems, also commonly known as engineered or enhanced geothermal systems (EGS), represent the most suitable and efficient technology for generating electricity [9] . In Switzerland, they might significantly contribute to its energy mix [10, 11] , due to the existing geothermal conditions underneath a large area of the country. These refer to low-permeability rocks at temperatures of 160-200 • C, located at depths between 3 km and 6 km and mostly in the crystalline basement [11, 12] . The development of this technology, however, faces relevant challenges: (i) accessibility (namely, drilling) [13] [14] [15] [16] ; (ii) reservoir creation (namely, hydraulic fracturing and triggered seismicity) [17] [18] [19] ; and (iii) long-term durability (namely, materials degradation due to corrosion and scaling) [20] [21] [22] [23] . In this regard, the choice of corrosion-resistant, yet economically affordable materials is crucial to maintain the facilities in service, assuming a plant's lifetime of 30 years [24, 25] . This selection is based on aspects that concern the knowledge of physical and chemical properties of deep geothermal fluids and their long-term interaction with metallic components [26] .
As of today, no electrical energy from deep geothermal resources is yet produced in Switzerland [10, 11, 27] . This results in a limited knowledge about properties of deep geothermal fluids (at depths of 4-5 km) [10] and, thus, a lack of expertise in corrosion issues of geothermal installations. Furthermore, literature on corrosion shows that most of the experimental studies are restricted to specific geothermal fields [23, [28] [29] [30] [31] [32] . Considering that the fluid chemistry might significantly vary not only between physically separated fields but also between nearby boreholes [33, 34] , the transfer of technical know-how of existing geothermal power plants abroad to design durable, maintenance-free facilities in Switzerland constitutes a research challenge.
This paper aims at characterizing the corrosiveness of geothermal fluids that are most favourable for the production of electricity in Switzerland. As a first step towards a better understanding of hydrochemistry-related issues, geothermal environments that may be optimal for electricity generation were identified. In these conditions, the corrosion resistance of inexpensive materials was evaluated in an experimental setup that mimics the harsh conditions occurring in deep geothermal systems (high temperature, high pressure). The results from this work will pave the way to the development of future geothermal power plants in Switzerland by providing guidelines for the selection of materials that can reach the required long-term durability.
Corrosion in Binary Geothermal Power Plants
EGS present reservoirs of low-porosity and low-permeability and with little water in-place ( Figure 1 ) [35] . However, the permeability of the reservoir and, thus, the productivity of the well may be increased by means of hydraulic fracturing [13, 14] . Although low-salinity water is generally injected at high pressure and low temperature into the crystalline reservoir, the fluid interacts with the rocks therein, resulting in heat transfer and subsequent dissolution of minerals, salts, and gases [36] . While the fluid might reach temperatures of around 200 • C in the reservoir in low-to medium-enthalpy water-dominated systems, the temperature at the binary power plant on the surface might decrease down to 100 • C [37] . In operating binary power plants, the pressure is usually increased at the wellhead by means of downhole pumps as a measure to prevent scaling formation. For instance, at the geothermal power plant of Soultz-sous-Forêts, the pump is used to maintain a pressure of around 20 bar in the surface installation [38] . As shown in Figure 1 , the fluid circulates in a cycle through wells, pipelines, downhole pumps, and heat exchangers. These components are subject to premature deterioration, since they are mostly made of metals and alloys that are exposed to brines at high temperatures [39] . Therefore, deep geothermal energy is not free of technical problems, being that corrosion is a major hazard for the reliable and long-term operation of geothermal power plants [40] . The most common types of corrosion are uniform, pitting, and crevice corrosion [41] . In bicarbonate environments with very low chloride concentrations, low-alloyed carbon steels show noticeable resistance to uniform corrosion [32] . However, environments with high chloride concentrations and low pH (around 6) might lead to uniform attack and to the formation of pits on the steel surface [28] [29] [30] . Other brines containing non-condensable gases, such as H 2 S, are very aggressive for this type of steels, resulting in significantly high corrosion rates [23, 30, 31 ].
Representative Swiss Geothermal Fluids
The geothermal fluids tested in this work represent ideal conditions for the production of geothermal energy in Switzerland. These fluids were preliminarily selected from a database reported by Sonney and Vuataz [42] . The authors present the physical, chemical, and hydrogeological properties of 203 fluids sampled from springs and boreholes in 82 different locations in Switzerland and neighbouring countries.
Here, the geothermal fluids were selected on the basis of three key parameters: geographical location, reservoir formation, and geothermal gradient. In regard to location, the fluids were sampled from well boreholes located in the northern part of Switzerland ( Figure 2 ). This is an area of great interest for geothermal energy purposes, as the heat flow therein is considerably high in comparison to the Swiss average and the temperatures at 5 km depth are estimated to be above 190 • C ( [10, 43] and references therein). The fluids also come from reservoirs lying in the crystalline granitic basement, which is usually the target formation for the EGS technology [44] . In addition, the geothermal gradients in these well boreholes are above 30 • C/km. Six representative fluids served as reference cases for our study and mainly differ in pH (6.5 to 8. (1) (2) (3) (4) (5) (6) in the Northern part of Switzerland that has the largest potential for deep geothermal energy production, adapted from (ref. [45] , cartographic mapped by Energie-Atlas GmbH (Switzerland, 2004)). 
Materials and Methods

Synthetic Geothermal Fluids
On the basis of the chemical composition of the six fluids (Table 1) , we designed two synthetic testing solutions. The first one had a chemical composition similar to the average one of solutions 4-6, with an alkaline pH and being chloride-free (solution A in Table 2 ). The second one, on the other side, had a chemical composition similar to the average concentration of the ions of solutions 1-3, with a resulting nearly neutral pH and high chloride concentration (solution B in Table 2 ). The fluids were prepared by mixing specific quantities of different stock solutions with ultrapure water at room temperature. Sodium bicarbonate (ACS, Reag. pH Eur) and sodium chloride (ACS, ISO, Reg. Ph Eur for analysis) were purchased from Merck (Merck KGaA, Darmstadt, Germany) and hydrochloric acid (37%, Reag. Ph. Eur. analytical reagent) from VWR Chemicals. The rest of the chemicals (calcium sulfate (99%), sodium sulfate (>99.0%), potassium sulfate (>99.0%), and magnesium sulfate (>99.5%)) were purchased from Sigma-Aldrich GmbH (Buchs, Switzerland). The resulting chemical composition of the synthetic fluids is presented in Table 2 . Table 2 . Chemical composition of the selected fluids as prepared in the laboratory at room temperature. The concentration of the chemical species is in mg/L. The pH values reported here were measured at room temperature immediately after the preparation of the solutions. 
Materials
A low-alloyed steel, L80 type 1, was used in all experiments. This steel grade is commonly used for the tubing and casing of wells and is commercially manufactured according to the specification 5CT of the American Petroleum Institute (API) [47] . It has a tempered martensitic microstructure and a tensile strength of minimum 550 MPa (80 ksi). The chemical composition of this material is shown in Table 3 . The test specimens were machined from a pipe into two different shapes and sizes: a cylinder type (20 mm height and 15 mm diameter) for electrochemical measurements ( Figure 3a ) and a disc type (3 mm thickness and 15 mm diameter and a hole of around 7 mm diameter) for gravimetric tests ( Figure 3b ). In these Figures, it can be noticed that the surface area of both types of metal coupons in contact with the sample holder has been minimized in order to avoid crevice corrosion. The surface areas of the specimens exposed to the testing fluids were 1119 mm 2 (cylinders) and 484 mm 2 (discs). All exposed surfaces were mechanically ground and/or polished: (i) horizontal surface of cylinders manually ground in ethanol using SiC abrasive paper (up to 1200 mesh/in) and polished using diamond suspensions of 1, 3, and 6 µm; (ii) longitudinal surface of cylinders manually ground in ethanol with SiC paper (up to 4000 mesh/in); (iii) all surfaces of discs manually ground in ethanol with SiC paper (up to 4000 mesh/in). After the surfaces preparation, all the samples were ultrasonically cleaned with ethanol and dried with compressed air. 
Experimental Procedures
Two types of experiments were carried out to evaluate the corrosion behaviour of metal samples in geothermal environments. First, electrochemical tests were performed in a cell suitable for high temperatures and high pressures, where cylindrical coupons ( Figure 3a) were used. Additionally, gravimetric experiments were carried out for a duration of around 30 days in glass round-bottom flasks at 90-100 • C, where discs coupons (Figure 3b ) were tested.
Electrochemical Measurements at High Temperature and Pressure
A set of experiments was performed in an experimental setup at 100 and 200 • C to simulate the conditions found in the power plant facilities above ground (namely, in the heat exchangers and piping system), and in the boreholes, respectively. The setup was composed of an autoclave constructed with a durable material that resists to these conditions and to the corrosive environment of the geothermal fluid. The setup also allowed us to perform electrochemical corrosion tests by using a three-electrode configuration. The experimental setup used for the tests is illustrated in detail elsewhere [48] .
For the experiments, the oxygen concentration in the fluid was significantly reduced by de-aerating the solution with nitrogen (purity grade 5.0) for 60 min prior to the start of the tests. In order to prevent degassing of the solution when the temperature rose, nitrogen was initially injected into the vessel at a pressure of 15 bar. The magnetic stirrer was set at a constant speed of 500 rpm, except during the electrochemical measurements. The duration of each single experiment was 120 h at the target temperature of either 100 or 200 • C. The heating and cooling rates were 50 • C/h.
Electrochemical measurements were performed using a potentiostat/galvanostat PGSTAT302N by Metrohm Autolab B.V. (Utrecht, The Netherlands), operated by the Windows software NOVA 2.1.2 (also by Metrohm Autolab). In addition, a Keithley multimeter (model 2701) and a multiplexer (model 7702), connected to a computer for data acquisition, continuously and simultaneously recorded the potential of the working electrode (i.e., the open circuit potential, OCP) and of the pH sensor against a reference electrode. The latter was a silver chloride (Ag/AgCl) electrode suitable for testing conditions of high temperature and pressure.
The corrosion status of the metallic material was evaluated and investigated by electroanalytical techniques. One of the most used techniques to accurately determine corrosion rates is the linear polarization resistance (LPR) method [49, 50] . A very small external DC overvoltage (around 10-20 mV from the OCP) was applied to the working electrode. In this situation, the current flowing from the counter electrode to the working electrode was recorded. According to Stern and Geary [49] , the corrosion current density (i corr ) was calculated as
where i corr is the corrosion current density (A/cm 2 ), B is the constant (V), R p the polarization resistance (Ω·cm 2 ), and β a and β b are the anodic and cathodic Tafel slopes, respectively. It is assumed that both Tafel slopes are ± 0.12 V [51] . Considering Equation (1) and Faraday's first law of electrolysis, the corrosion rate (mm/year) of a metal (e.g., steel) can be determined as
where K is a constant (3.15 × 10 8 ), F is the Faraday constant (96,485 C/mol) and M Fe (g/mol), ρ Fe (g/cm 3 ), and z indicate the molar mass, density, and oxidation state of iron, respectively.
Gravimetric Experiments
Gravimetric experiments were carried out according to the ASTM standard G31-12a [52] . Metal coupons were first exposed to fluids A and B at around 100 • C in two different 1 L round-bottom flasks that included reflux condensers, spargers for aeration, and resistance thermometers (Pt100). These coupons were loosely mounted on polytetrafluoroethylene (PTFE) bars to minimize crevice corrosion. Prior to the start, the fluids were deareated with nitrogen (purity grade 5.0) for around 1 h. The flasks were then immersed in silicone oil baths and the temperature controlled at 100 • C by a heating plate that incorporated stirring function. The duration of the tests was around 720 h (i.e., 30 days).
After exposure, the metal coupons were removed from the flasks and chemically cleaned. The procedure for removing the corrosion products followed the ASTM standard G1-03 [53] . The metal coupons were immersed in a solution of 500 mL concentrated hydrochloric acid, 3.5 g hexamethylene tetramine and ultrapure water (up to 1 L) for 10 min at room temperature. Chemical cleaning was followed by ultrasonic cleaning in ultrapure water to remove any remaining corrosion product and samples were weighed in a NewClassic MF analytical balance by Mettler Toledo (Greifensee, Switzerland). The average corrosion rate (time average) in mm/year was obtained for each specimen with the following equation
where K is a constant (8.76 × 10 4 ), m loss is the mass loss (g), A is the exposed area (cm 2 ), t is the exposure time (h), and ρ Fe is the density of iron (g/cm 3 ).
Analysis Post-Exposure
Corrosion products deposited on the surface of the metal samples were analyzed by a number of analytical techniques, such as stereomicroscopy, scanning electron microscopy (SEM) coupled with energy dispersive X-Ray (EDX) spectroscopy, and X-Ray diffraction (XRD). The used SEM was a FEI Quanta 200 3D (FEI, NorthAmerica NanoPort, Hillsboro, OR, USA), the EDX was a Genesis 4000 by EDAX (Mahwah, NJ, USA), and the used XRD was a Bruker D8 Advanced diffractometer (Bruker AXS GmbH, Karlsruhe, Germany). Secondary electron (SE)-images were obtained in a high vacuum mode from samples that were covered previously with a carbon coating of 5-10 nm thickness. The operating voltage was 10 kV. In addition, the compositional changes of the synthetic fluids were assessed via inductively coupled plasma optical emission spectroscopy (ICP-OES). A Thermo Scientific iCAP 6300 Dual View ICP-OES (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a CETAC ASX-260 autosampler (CETAC, Omaha, NE, USA) was used for the analyses. Figure 4 shows the pH values that were measured in the autoclave while testing fluid A and B. This Figure shows three regions that correspond to the heating phase (from 90 • C up to either 100 or 200 • C), the test phase of five days at the target temperature assigned for electrochemical measurements, and, lastly, the cooling phase (down to 90 • C). The pH slightly changed over time in all of the tested combinations of fluids and temperatures. Furthermore, the pH was measured at room temperature before and after each experiment, indicating a variation of less than 0.7 pH units. 
Results
pH Evolution
Open Circuit Potential (OCP) Evolution
The OCP of the metal sample was continuously monitored during the heating and cooling phases as well as during the intermediate test phase of five days. Figure 5 shows the OCP evolution obtained when solutions A and B were tested in the autoclave up to 100 or 200 • C. Here, it can be noticed that the measured OCP was generally higher during the cooling phase in all combinations. A reason for this could be that the time elapsed between the end of the heating phase and the beginning of the cooling phase was 5 days, which might be a reasonable time for the corrosion state of the sample to change. Furthermore, the tested low-alloyed steel (L80 Type 1) showed lower OCP values in fluid A than in fluid B, which is a more aggressive solution in terms of chlorides and pH. 
Corrosion Rates
LPR measurements were carried out during the five day test phase at which the temperature was kept at 100 or 200 • C. This allowed us to calculate the corrosion rate of the metal sample over time, as shown in Figure 6 . In all conditions, the instantaneous corrosion rates of the metal were generally below 100 µm/year, except in fluid B at 100 • C. In this case, a pronounced decrease over time was observed until a stable value was reached after approximately 80 h. At 100 • C, the corrosion rates were also obtained from gravimetric tests. The comparison of the corrosion rates obtained applying both methods is reported in Table 4 . The corrosion rates obtained from electrochemical tests were calculated by integrating the area under the curves in Figure 6 and dividing this by the duration of the test phase (namely, 120 h). This permits us to compare these values to the corrosion rates obtained by gravimetry. Table 4 shows that the results obtained from the two methods are in overall agreement. 
Surface and Fluid Analyses
Stereomicroscopy images of metal coupons that were tested in fluids A and B in gravimetric experiments at 100 • C are shown in Figure 7 . The metal coupons exposed to fluid A revealed a thicker corrosion layer on the surface (Figure 7a ), but with corrosion products that were easily detachable. Furthermore, certain parts of the metal surface were not completely covered with products, as can be seen in Figure 7b . On the other hand, the metal coupons exposed to fluid B showed more porous corrosion products, as shown in Figure 7c ,d. Furthermore, Figure 8 shows the surface appearance of the metal samples after exposure in the electrochemical cell to the synthetic fluids A or B at one of the two testing temperatures (100 or 200 • C). Figure 8a ,b show the micromorphology of the corrosion products of the samples exposed to fluid A at 100 and 200 • C, respectively. Whereas the corrosion products formed at 100 • C present a cubic-shape morphology, the corrosion products formed on the metal surface at 200 • C mostly look like agglomerations of spherical particles. Moreover, the corrosion products of the metal samples exposed to fluid B at 100 and 200 • C show significantly different morphologies than those exposed to fluid A. For instance, at 100 • C, two types of corrosion products were formed on the metal surface (Figure 8c ): porous-rounded (P) and lamellar-cubic structures (L). At 200 • C, the corrosion products are scattered, not interconnected, and, in some cases, hollow deposits are visible (Figure 8d ). The chemical analysis of the fluids by ICP-OES showed that the composition of both fluids slightly changed during the experiments at 100 and 200 • C, as can be seen in Figure 9a ,b, respectively. For the tested solutions and temperatures, the most significant variations in concentration concern the elements Mg, Ca, K, and Fe, Mn, Cr. On the other hand, the chemical composition of the fluids measured by ICP-OES before the tests (Figure 9a,b) correspond accurately to the theoretical ones reported in Table 2 . 
Discussion
The measured open circuit potentials ( Figure 5 ) were more positive than the reversible potential of the hydrogen evolution reaction. At 100 • C, the difference was approximately 100 mV, while at 200 • C, the difference was approximately 200 mV (independently of fluid type at both temperatures). Given the thermodynamic stability of iron compounds at high temperature and as a function of pH [54] , the differences between the measured OCP and the reversible potential of the hydrogen evolution reaction indicate that the corrosion products precipitated on the sample surfaces were magnetite (at 100 • C) and magnetite/hematite (at 200 • C) (see Figure 10 ). This is in agreement with the results of the XRD and EDX analyses of the surfaces after the exposure tests (see Electronic Supplementary Materials).
At neutral pH and at 100 • C, the difference in reversible potentials of the iron dissolution and hydrogen evolution reactions is about 100 mV (see Figure 10a) . Thus, the cathodic reaction promoting Fe → Fe 2+ + 2e − can be hydrogen evolution, and due to the high "driving voltage", high corrosion rates can occur. In addition, as oxygen was not completely removed from the fluid with the nitrogen purging, but reduced to a low concentration, it might have contributed to the corrosion rates, at least initially. Upon formation of Fe(OH) 2 , hematite may be formed through various oxidation steps, among them the Schikorr-reaction [55] .
(a) (b) Figure 10 . Pourbaix diagrams for iron at 10 −6 m at 100 • C (a) and 200 • C (b), adapted from [54] . The red and blue points refer to fluids A and B, respectively. The green arrow shows the thermodynamic change of the system due to the increase of Fe 2+ concentration.
Regarding the corrosion rates, it is interesting to note that in one case (fluid B, 100 • C) there was a marked change over exposure time, while this was not observed in the three other configurations (Figure 6 ). In the latter cases, the instantaneous corrosion rate was constantly below 100 µm/year, while in fluid B at 100 • C, the corrosion rate rapidly decreased from initially very high values (close to 1000 µm/year) to around 100 µm/year after approximately 80 h (three days). This is in agreement with theoretical reasoning based on the thermodynamic stability diagrams of iron at high temperature [54] , which indicate that at pH values of approximately 7 (fluid B) there is active corrosion at 100 • C, while at 200 • C, hematite is stable (Figure 10 ). Thus, it can be reasoned that at 100 • C in fluid B, corrosion was rapidly occurring (considering also the supporting effect given by the lower pH and the presence of chlorides that may form soluble iron chloride complexes [56] ). However, because of the massive precipitation of corrosion products, as evidenced by Figures 7 and 8 , the electrochemical dissolution reactions became kinetically limited, which resulted in a decrease of the corrosion rate within a few days. We expect that the corrosion products precipitated due to an increase in Fe 2+ concentration in the liquid. For instance, at a corrosion rate of 1000 µm/year within only a fraction of an hour, the Fe 2+ concentration in the autoclave (electrolyte volume of approximately 1 L) would increase by one order of magnitude. Iron concentration increased indeed in the test solution during the test, as evidenced by the ICP-OES measurements presented in Figure 9 . This concentration change affects the thermodynamics of the system in such a way that at the given pH and potential (blue dot in Figure 10a ), magnetite becomes stable. This may explain two observations: the rapid decrease of the corrosion rate ( Figure 6 ) and the precipitation of corrosion scales, observed after the test (Figures 7  and 8 ). Although the corrosion rate for fluid B at 100 • C is relatively low at around 120 h, the long-term behaviour of the metal sample is difficult to predict. Of particular concern would be the pumping rate (namely, the rate at which new electrolyte enters the pipe from the rock). This rate of replenishing the electrolyte is critical as it determines to what extent the Fe 2+ concentration can increase in the system. At high pumping rates, convection would limit the increase in Fe 2+ concentration, which may keep the system in active corrosion conditions for longer terms than in our experiments.
In regard to the operation of a geothermal power plant, the steel grade API L80 shows better corrosion resistance at temperatures of 200 • C, which can be found nearby the bottom of the boreholes as shown in Figure 1 , than those at 100 • C. This is because iron oxides are stable at 200 • C, leading to the formation of a protective scale [57] . However, the temperature in the reservoir might drop over the lifetime of the power plant [9] , and, as a consequence, the entire system might be jeopardized. Furthermore, the chemical composition of the fluid might vary because of different reasons as, for example, the interaction with the reservoir rocks [36] or the periodic ingress of oxygen during maintenance activities of the power plant. In the former scenario, the pH might increase resulting in more favourable conditions for lower corrosion rates. In the latter, it is more challenging to predict the behaviour of the system.
Conclusions
The growing interest for the generation of electricity from geothermal resources makes investigations on the corrosion behaviour of metals particularly important. In this work, environmental conditions that are considered optimal for the generation of electricity in Switzerland have been successfully studied by various methods, such as electrochemical measurement techniques and gravimetric experiments. The potential corrosiveness of these geothermal fluids and their impact on the equipment of future geothermal power plants have been analyzed. Therefore, the outcome of this work will serve as a guideline for the selection of materials with regard to both costs and durability of the material.
Based on the current experimental observations, studying geothermal fluids representative for Northern Switzerland and the steel grade API L80 type 1, it can be concluded that higher temperatures (200 • C) lead to better corrosion resistance than lower temperatures (100 • C). Thus, equipment and installations located on the surface power plant will be more prone to corrosion. However, the corrosion rates obtained at higher temperatures, which are usually reached in the wells, can be considered negligible. While in constant conditions they are in the range 20-50 µm/year, which means technically acceptable sectional loss over the life time of a power plant, there is an uncertainty related to changes in solution chemistry and temperature during the operational life of a plant. A decrease in solution temperature or an increase in chloride concentration may shift the system and suddenly create more corrosive conditions, which considerably result in higher corrosion rates. Thus, further investigations on the protection provided by the corrosion products are necessary.
